Abstract ATP binding cassette transporter A1 (ABCA1) is a widely expressed lipid transporter essential for the generation of HDL. ABCA1 is particularly abundant in the liver, suggesting that the liver may play a major role in HDL homeostasis. To determine how hepatic ABCA1 affects plasma HDL cholesterol levels, we treated mice with an adenovirus (Ad)-expressing human ABCA1 under the control of the cytomegalovirus promoter. Treated mice showed a dose-dependent increase in hepatic ABCA1 protein, ranging from 1.2-fold to 8.3-fold using doses from 5 ؋ 10 8 to 1.5 ؋ 10 9 pfu, with maximal expression observed on Day 3 posttreatment. A selective increase in HDL cholesterol occurred at Day 3 in mice treated with 5 ؋ 10 8 pfu Ad-ABCA1, but higher doses did not further elevate HDL cholesterol levels. In contrast, total cholesterol, triglycerides, phospholipids, non-HDL cholesterol, and apolipoprotein B levels all increased in a dose-dependent manner, suggesting that excessive overexpression of hepatic ABCA1 in the absence of its normal regulatory sequences altered total lipid homeostasis. At comparable expression levels, bacterial artificial chromosome transgenic mice, which express ABCA1 under the control of its endogenous regulatory sequences, showed a greater and more specific increase in HDL cholesterol than Ad-ABCA1-treated mice. Our results suggest that appropriate regulation of ABCA1 is critical for a selective increase in HDL cholesterol levels. -Wellington, C. L., L. R. Brunham, S. Zhou, R. R. Singaraja, H. Visscher, A. Gelfer, C. Ross, E. James, G. Liu, M. T. Huber, Y-Z. Yang, R. J. Parks, A. Groen, J. Fruchart-Najib, and M. R. Hayden. Alterations of plasma lipids in mice via adenoviral-mediated hepatic overexpression of human ABCA1.
ATP binding cassette transporter A1 (ABCA1) is essential for the transfer of phospholipid (PL) and cholesterol to lipid-free apolipoprotein A-I (apoA-I) to form pre-␤ -HDL (1) (2) (3) . This is the first step in reverse cholesterol transport (RCT), whereby excess cholesterol is removed from cells and transported as HDL to the liver for eventual excretion in bile (4) (5) (6) (7) (8) . Absence of ABCA1 activity results in Tangier disease, which is characterized by a nearly complete loss of circulating HDL, an accumulation of cholesterol ester (particularly in cells of the reticuloendothelial system), and an increased risk of coronary artery disease (9) (10) (11) (12) (13) (14) .
Since the discovery of a highly significant inverse relationship between HDL levels and coronary artery disease, the metabolic origin of HDL has been a subject of intense investigation. The discovery that ABCA1 is essential for HDL biosynthesis has provided a unique opportunity to investigate RCT in detail. The prior hypothesis of RCT proposes that the majority of plasma HDL originates from peripheral tissues (4) (5) (6) (7) (8) . However, ABCA1 is abundantly expressed in the liver compared with other tissues that participate in RCT (15, 16) , suggesting that hepatocytes may themselves may play a major role in HDL biosynthesis. This is supported by the observation that hepatocytes are the site of the greatest accumulation of cholesteryl ester (CE) in the Wisconsin hypo-alpha mutant chicken, a naturally occurring animal model of ABCA1 deficiency (17) . Furthermore, reconstitution of ABCA1-deficient mice with bone marrow from wild-type mice does not result in restoration of plasma HDL cholesterol levels, suggesting that monocytes and macrophages contribute only marginally to HDL cholesterol levels in vivo (18) . Finally, hepatocytes are centrally involved in lipid homeostasis, and the mass of the liver relative to other organs is sufficient to make a major contribution to plasma HDL cholesterol.
These observations suggested that manipulation of ABCA1 in the liver may be a promising therapeutic strategy aimed at increasing plasma HDL cholesterol levels and protecting from atherosclerosis. However, three crucial interrelated questions remain to be addressed. First, it is important to determine if there may be an optimal level of hepatic ABCA1 expression that results in a selective increase in plasma HDL cholesterol. Second, because overall lipid homeostasis is significantly coordinated by the liver, it is important to understand not only how the regulation of ABCA1 in the liver affects lipid efflux and formation of HDL particles, but also how hepatic ABCA1 may affect overall plasma lipids. Finally, it is essential to establish how HDL cholesterol levels may be influenced by ABCA1 in extrahepatic tissues such as the intestine.
We recently used transgenic technologies to produce bacterial artificial chromosome (BAC) transgenic mice expressing human ABCA1 (19) . Importantly, the use of a BAC ensures that endogenous regulatory elements within the ABCA1 transgene are present and that ABCA1 is expressed with normal temporal-, tissue-, and cell-specific patterns. We have shown that activation of liver X receptor response elements by oxysterols in vivo directly contributes to an increase in human-specific ABCA1 mRNA and leads to increased expression of the human ABCA1 protein in an identical pattern as the endogenous gene (19) . This appropriate regulation of ABCA1 results in a 1.6-fold increase in plasma HDL cholesterol levels without affecting other lipoprotein classes (19) . Additionally, by crossing our BAC transgenic mice onto the well-established apoE Ϫ / Ϫ model of atherosclerosis, we have demonstrated that increased ABCA1 activity is associated with markedly reduced lesion size, as well as the appearance of less-complex lesions that lack fibrous caps and exhibit reduced foam cell involvement (20) . These studies validate the BAC transgenic model as an excellent research tool for comparing the impact of increased ABCA1 expression due to endogenous versus other promoters on plasma lipid levels.
In order to evaluate how hepatic ABCA1 expression in the absence of its appropriate regulatory signals affects plasma HDL cholesterol levels, we developed an adenovirus (Ad)-expressing full-length human ABCA1 under the control of the cytomegalovirus (CMV) promoter (Ad-ABCA1). This vector allowed exogenous ABCA1 to be specifically overexpressed in the liver such that it is uncoupled from its normal regulatory circuits, and these results could be compared with results of ABCA1 overexpression in the BAC transgenic mice. In addition, mice could be treated with various doses of Ad-ABCA1 in order to determine how increasing the hepatic dosage of ABCA1 affected plasma HDL cholesterol levels. Our results suggest that the abundance and regulation of ABCA1 in the liver and extrahepatic tissues are crucial parameters in the regulation of plasma HDL cholesterol levels in vivo.
MATERIALS AND METHODS

Recombinant adenoviral vectors
The full-length human ABCA1 cDNA was subcloned into an E1/E3-deleted recombinant adenovirus (Ad5) vector backbone containing the CMV promoter-enhancer to generate Ad-ABCA1. Plaques positive for ABCA1 expression were identified and used for large-scale amplification in 293 cells grown in 150 mm culture dishes. Similarly, a recombinant Ad5 vector carrying the reporter alkaline phosphatase gene [Ad-alkaline phosphatase (AP) (21) ] was used for concurrent control infections. Purification of these recombinant adenoviral vectors was performed by two sequential rounds of CsCl density gradient ultracentrifugation. The purified virus stocks were desalted over a Sephadex G-25 column (Amersham Pharmacia) and eluted in sterile HEPES buffered saline. Glycerol (15%) was added and the viral stock was stored at Ϫ 80 Њ C until use. Infectious viral titres were determined using the Adeno-X Rapid Titer Kit (Clontech), as suggested by the manufacturer. The replication incompetence of the E1/E3-deleted recombinant virus was verified by the lack of cytopathic effect after infection of COS-1 cells, which, unlike 293 cells, do not complement the gene deletion.
Cell culture
HeLa and HepG2 cells were cultured in DMEM high glucose (Canadian Life Technologies) supplemented with 10% fetal calf serum, 50 U/ml penicillin-streptomycin, and 2 mmol glutamine (Canadian Life Technologies). For in vitro infection, cells were seeded in 24-well dishes at a density of 20,000 cells/well. After 16 h, the conditioned media was removed and cells were incubated with various dilutions of stock virus in DMEM with 2% FBS for 1 h at 37 Њ C, after which the conditioned media was replaced. After an additional 16-24 h, cells were used for efflux assays or Western analysis.
Animals and in vivo delivery of recombinant Ad
Male wild-type C57Bl/6 mice obtained from Jackson Laboratories were maintained on a standard chow diet (PMI Feeds). Adenoviral vectors were diluted in sterile PBS to deliver doses of 5 ϫ 10 8 pfu/mouse, 7.5 ϫ 10 8 pfu/mouse, 1 ϫ 10 9 pfu/mouse, and 1.5 ϫ 10 9 pfu/mouse for Ad-ABCA1, and 1.5 ϫ 10 9 pfu/ mouse for Ad-AP. The dose of Ad-AP was matched to the maximum dose of Ad-ABCA1 in order to control for any adverse effects due to high-dose Ad infection in vivo. A total of 200 l of diluted virus was injected into the tail vein of immobilized mice. Additional mice received 200 l of PBS only as a vehicle control. Preinjection blood samples were collected from the saphenous vein. After 3 or 7 days posttreatment, animals were sacrificed by CO 2 inhalation, blood was collected by cardiac puncture, and liver, spleen, and small intestine were isolated and immediately frozen at Ϫ 80 Њ C. BAC transgenic and wild-type control mice were maintained on chow or atherogenic diets as previously described (19) . All procedures involving experimental animals were performed in accordance with protocols from the Canadian Council of Animal Care and the University of British Columbia Animal Care Committees.
Western blot and immunohistochemistry
Tissues were homogenized as previously described (22) , and protein concentration was determined by Lowry assay. Equal amounts of protein were electrophoresed through 7.5% SDS polyacrylamide gels, electrophoretically transferred to polyvinylidene fluoride (PVDF) membrane (Millipore), and immunodetected using a monoclonal anti-ABCA1 antibody raised against the second nucleotide binding domain (NBD2 of ABCA1) or anti-GAPDH (Chemicon) as a loading control (22) . Blots were developed using enhanced chemiluminescence (Amersham) according to the manufacturer's recommendations. Bands were quantitated by densitometry using NIH Image 6.1. In each lane, ABCA1 levels were normalized to GAPDH levels to control internally for protein loading. Data represent the mean and standard at PENN STATE UNIVERSITY, on February 23, 2013 www.jlr.org Downloaded from deviation from tissue from three or four animals, each run at least in duplicate.
For histochemical analysis, tissues were fixed for 16 h in 4% paraformaldehyde in PBS prior to paraffin embedding. Hematoxylin-eosin and Giemsa staining were performed according to standard procedures by the University of British Columbia Histology Core Service.
RNA analysis
RNA from mouse liver was extracted using Trizol (Canadian Life Technologies) and purified using RNeasy reagents (Clontech), as recommended by the manufacturer. The relative levels of human and murine ABCA1 were determined by semiquantitative RT-PCR from 3 g of total RNA as described (15) .
Cholesterol and phosphotidylcholine efflux
Ad-ABCA1 or mock-infected HeLa cells and fibroblasts were labeled with 1 Ci/ml of [ 3 H]cholesterol (New England Nuclear) or [ 3 H]choline (Amersham) for 16 h. Labeled cells were then washed and equilibrated in DMEM with 0.2% BSA for 1 h, after which 20 M of lipid-free apoA-I (Calbiochem) was added for 4 h. Efflux assays were performed as described previously (23) . For cholesterol efflux, media and cell lysates were mixed with scintillant and counted directly (23) . For phosphatidylcholine efflux, lipids from the media and cell lysates were first extracted with chloroform-methanol (2:1, v/v) prior to detection (24) . Data are representative of the mean and standard deviations from at least two independent experiments, each performed in triplicate.
Analysis of bile and fecal sterol levels
Gall bladder bile was aspirated at sacrifice using a 30 G needle and frozen immediately at Ϫ 80 Њ C until use. Feces generated over a 24 h period were collected pre-and postinjection and stored at Ϫ 80 Њ C until use. Biliary bile salt and cholesterol concentrations were determined as previously described (25) . Neutral and acidic fecal sterol content was determined by gas liquid chromatographic analysis as described (25) .
Plasma lipid and lipoprotein analysis
All blood samples were collected following a 4 h fast. After centrifugation for 10 min at 12,000 rpm at 4 Њ C, plasma was frozen at Ϫ 80 Њ C until use. Serum and lipoprotein lipid [total cholesterol (TC), triglycerides (TGs), and PLs] concentrations were determined by enzymatic assays adapted to microtiter plates using commercially available reagents (Boehringer Mannheim, Germany) as previously described (20) . Serum HDL cholesterol levels were determined after precipitation of apoB-containing lipoproteins with phosphotungstic acid/mg (Roche Diagnostics GmbH, Mannheim). Serum levels of apoB were measured by an immunonephelemetric assay using a specific mouse polyclonal antibody as previously described (20) . Tabulated data represent the means and standard deviations of three or four mice per group. Relative changes in Day 3 plasma lipids in Ad-ABCA1-or Ad-AP-treated mice were determined by normalizing values from treated animals to PBS-only controls. Data were then expressed as the percent change relative to the baseline observed in PBS-treated mice. Similarly, relative changes in plasma lipids in BAC transgenic mice were determined by normalized values in BAC transgenic mice on either a chow or atherogenic diet (19) to those observed in nontransgenic controls on the same diet. Data were then expressed as percent change relative to the baseline in wild-type animals. Data represent the means and standard deviations from at least four BAC or four wild-type mice. Statistical analysis was by one-way ANOVA with a Neuman-Keuls posttest using Graph-Pad Prism 3.03.
RESULTS
Adenoviral delivery of human ABCA1 promotes cholesterol and PL efflux in cultured cells
Expression and physiological activity of the Ad-ABCA1 was first confirmed in vitro. HeLa cells express very little endogenous ABCA1 and have a correspondingly low level of basal cholesterol or phosphatidylcholine efflux. HeLa cells infected with Ad-ABCA1 at a multiplicity of infection of 25 demonstrated enhanced ABCA1 expression as well as cholesterol and phosphatidylcholine efflux ( Fig. 1A ) . Additionally, Ad-ABCA1 promoted a dose-dependent increase in cholesterol efflux in HepG2 cells (Fig. 1B) .
Human ABCA1 is expressed specifically in liver following injection of Ad-ABCA1
Having validated the functional activity of Ad-ABCA1, male wild-type C57Bl/6 mice received doses of Ad-ABCA1 ranging from 5.0 ϫ 10 8 to 1.5 ϫ 10 9 pfu/mouse, Ad-AP at 1.5 ϫ 10 9 pfu/mouse, or PBS as a vehicle-only control, by tail vein injection. Liver, spleen, and small intestine were harvested 3 or 7 days after injection, and probed with an ABCA1-specific antibody to monitor expression levels in multiple tissues. As expected with intravenous delivery, exogenous ABCA1 expression was observed only in the liver (26) , which exhibited a dose-dependent response of ABCA1 expression ( Fig. 2 ) . For example, an 8.3-fold increase in ABCA1 protein levels was observed in animals injected with the highest dose of Ad-ABCA1 (1.5 ϫ 10 9 pfu/mouse) at 3 days, which declined by ‫ف‬ 40% by Day 7 (Fig. 2A) . No increase in ABCA1 expression was observed in spleen (Fig.  2) or small intestine (data not shown). Furthermore, RT-PCR analysis of RNA extracted from livers of Ad-ABCA1-injected mice confirmed that the increase in ABCA1 protein levels resulted from expression of exogenous human ABCA1 and not by up-regulation of endogenous murine ABCA1 (data not shown). These results demonstrated that ABCA1 abundance increased in a dose-dependent manner specifically in the livers of Ad-ABCA1-infected mice.
Plasma HDL cholesterol levels are elevated in Ad-ABCA1-treated mice, but not in a dose-dependent manner As expected, HDL cholesterol levels were increased in Ad-ABCA1-infected mice compared with both PBS and Ad-AP controls, and maximal elevation of HDL cholesterol was typically observed at Day 3 in all Ad-ABCA1-treated mice ( Table  1 ) . By Day 7, HDL cholesterol levels tended to decrease, as expected, due to the decline in ABCA1 expression in the liver at that time (Fig. 2) . Mice receiving the lowest dose of Fig. 2 . Dose-dependent increase in ABCA1 expression specifically in the livers of Ad-ABCA1-treated mice. A: Western blots of liver and spleen following injection of mice with the indicated doses of Ad-ABCA1 (5.0 ϫ 10 8 to 1.5 ϫ 10 9 pfu/mouse), 1.5 ϫ 10 9 pfu/mouse of Adalkaline phosphatase (AP), or PBS as a vehicle-only control. Total protein lysates prepared from tissues harvested 3 or 7 days postinjection were immunodetected with antibodies specific for ABCA1 and GAPDH to serve as a loading control. B: Quantitation of ABCA1 expression. ABCA1 abundance was normalized to GAPDH levels using densitometry. Pooled data (means and standard deviations) were generated from at least two independent gels for each of the 3-4 mice per group, and expressed relative to endogenous ABCA1 levels in PBS-treated mice.
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Ad-ABCA1 (5.0 ϫ 10 8 pfu), which resulted in a 1.2-fold increase in ABCA1 expression (Fig. 2) , had a significant 27% increase in plasma HDL cholesterol levels ( Table 1 , P Ͻ 0.05). Intermediate doses of exogenous Ad-ABCA1 (7.5 ϫ 10 8 and 1.0 ϫ 10 9 pfu) did not result in further significant elevations of plasma HDL cholesterol, despite a 2.6-fold or 6.5-fold increase in hepatic ABCA1 levels, respectively (Fig. 2) . HDL cholesterol levels were, however, significantly increased by 39% in mice treated with the highest dose of Ad-ABCA1 (1.5 ϫ 10 9 pfu) that resulted in an 8.3-fold overexpression in hepatic ABCA1 levels ( Table 1 , P Ͻ 0.001). These results confirm that increased hepatic ABCA1 raises HDL cholesterol, in agreement with our previously published findings in chow-fed ABCA1 BAC transgenic mice (19) .
However, these results also give the first indication that the normal regulation of ABCA1 is likely to be important for selectively and maximally increasing plasma HDL cholesterol. Compared with the Ad-ABCA1-treated mice, the greatest increase in plasma HDL cholesterol levels was observed in BAC transgenic animals in which a 1.6-fold increase in appropriately expressed ABCA1 protein in the liver was sufficient to increase plasma HDL cholesterol levels by 65% (19) . We note that, because the BAC transgenic mice express the ABCA1 transgene using endogenous regulatory sequences contained within the BAC, we cannot exclude the possibility that increased ABCA1 in other tissues may also contribute to the increase in plasma HDL cholesterol levels. For example, intestinal ABCA1 may participate in the regulation of lipoprotein homeostasis, and increased intestinal ABCA1 expression in BAC transgenic mice may also contribute to the increase in HDL cholesterol levels observed in these animals. However, it is likely that ABCA1 in the liver plays a major role in elevation of HDL cholesterol levels in the BAC transgenic mice due not only to tissue mass, but also to the high level of ABCA1 expression compared with other tissues (15) .
Excessive hepatic ABCA1 via adenoviral delivery results in a nonselective increase in other plasma lipoprotein levels
In addition to increased HDL cholesterol levels, we observed increased TC, TG, PL, non-HDL cholesterol, and apoB levels in Ad-ABCA1-injected mice compared with controls (Table 1 ). In mice receiving the highest dose of Ad-ABCA1 (1.5 ϫ 10 9 pfu), the greatest alterations in plasma lipids were for non-HDL cholesterol levels, which were nearly triple those of control mice at Day 3 (P Ͻ 0.001), and at least double that of control mice at Day 7 ( Table 1 , P Ͻ 0.001). Additionally, we observed a dosedependent increase in apoB concentration that resulted in a nearly 2-fold increase in apoB levels on Days 3 and 7 in mice treated with 1.5 ϫ 10 9 pfu of Ad-ABCA1 (Table 1 , P Ͻ 0.001), whereas there were no significant changes in the levels of apoC-III, apoE, and apoA-II (data not shown). Finally, FPLC analysis of cholesterol distribution revealed that the greatest changes in cholesterol due to Ad-ABCA1 treatment were in the LDL range of fractions (Fig. 3) . Together, these results suggest that the 8.3-fold overexpression of exogenously regulated ABCA1 in mice receiving 1.5 ϫ 10 9 pfu of Ad-ABCA1 resulted in increased cholesterol in apoB-containing lipoproteins.
There were no marked overall differences in plasma lipids in PBS-or Ad-AP-injected mice, suggesting that the Ad infection per se did not alter plasma lipids. Histological examination of liver sections prepared from Ad-ABCA1-or Ad-AP-treated mice revealed no significant differences at equivalent doses (data not shown). Finally, we observed no change in bile and fecal sterol cholesterol levels in Ad-ABCA1-treated mice compared with Ad-AP or PBS controls (data not shown). These observations suggest that the altered lipid profiles in mice that received high-dose Ad-ABCA1 are unlikely to have arisen from nonspecific changes, including liver damage upon adenoviral infection. Rather, these results suggest that the high levels of ABCA1 overexpression, together with the dissociation of ABCA1 from its normal regulatory circuits, are responsible for the general perturbation in plasma lipids.
A selective increase in HDL cholesterol is best achieved by appropriate regulation of hepatic ABCA1
It is not possible to directly compare the changes in plasma lipids in mice treated with high doses of Ad-ABCA1 (1.0-1.5 ϫ 10 9 pfu) to those observed in the BAC transgenic mice, because ABCA1 expression is increased 6.5-to 8.3-fold in highdose Ad-ABCA1-treated mice compared with 1.6-fold in BAC transgenic mice (Fig. 2) . However, mice treated with low doses of Ad-ABCA1 (5.0 to 7.5 ϫ 10 8 pfu) have a 1.2-to 2.6-fold increase in ABCA1 expression (Fig. 2) , making them roughly comparable to the BAC transgenic mice in terms of hepatic ABCA1 levels (Fig. 4) . This observation gave us the opportunity to determine the relative importance of appropriate regulation of ABCA1 in the liver compared with the simple abundance of hepatic ABCA1 in mediating a selective increase in plasma HDL cholesterol levels. We therefore determined the relative changes in plasma lipids observed in BAC transgenic mice compared with nontransgenic controls, and compared these to relative changes in Day 3 plasma lipids observed in Ad-ABCA1-treated or Ad-AP-treated mice, which were normalized to PBS-treated controls (Fig. 5) .
This analysis revealed that, at roughly comparable expression levels in the liver, TC levels in the BAC transgenic mice tended to be higher than in Ad-ABCA1-treated mice, which was fully accounted for by a selective increase in HDL cholesterol levels (Fig. 5, Table 2 ). For example, consider a comparison between chow-fed BAC transgenic mice that have a 1.6-fold increase of ABCA1 and mice treated with 7.5 ϫ 10 8 pfu of Ad-ABCA1 that exhibit a 2.6-fold increase in ABCA1. The BAC transgenic mice have a 42% increase in TC (P Ͻ 0.0003) and a 65% increase in HDL cholesterol levels (P Ͻ 0.005) compared with wildtype animals (19) , whereas the Ad-ABCA1-treated mice have a 22% increase in TC (P Ͻ 0.01) and a 14% increase in HDL cholesterol levels (P Ͻ 0.05) compared with controls (Table 1) . These results suggest that, despite higher hepatic ABCA1 levels in the Ad-ABCA1-treated mice com- pared with the BAC transgenic mice, adenoviral delivery of ABCA1 was less effective than the endogenously regulated transgene in mediating a selective increase in plasma HDL cholesterol levels in vivo. Moreover, HDL cholesterol levels were consistently higher in the BAC transgenic mice than in Ad-ABCA1-treated mice at any dose tested, further supporting the hypothesis that ABCA1 expressed under the control of endogenous regulatory signals is more likely to selectively increase HDL cholesterol than ABCA1 expressed from an exogenous promoter. The Ad-ABCA1-treated mice are obviously not completely comparable to the BAC transgenic mice, even at comparable expression levels in the liver, because transgenic ABCA1 is also overexpressed in nonhepatic tissues in the BAC transgenic animals. Therefore, we cannot exclude the possibility that appropriately regulated ABCA1 expression in hepatic as well as extrahepatic tissues may play a role in selectively increasing plasma HDL cholesterol levels in the BAC transgenic mice. Conditional transgenic approaches will be required to definitively elucidate the relative importance of hepatic compared with extrahepatic ABCA1 in controlling HDL cholesterol levels.
In addition to a less-marked impact on plasma HDL cholesterol levels, Ad-ABCA1 treatment resulted in changes in other lipids that were not observed in the BAC transgenic mice. For example, chow-fed BAC transgenic mice have no significant changes in non-HDL cholesterol levels compared with wild-type controls (Fig. 5, P Ͼ 0.05) . In comparison, non-HDL cholesterol levels were significantly elevated in mice that received 1.0 to 1.5 ϫ 10 9 pfu of Ad-ABCA1 (Fig. 5, Table 1 ). Although non-HDL cholesterol levels were not significantly elevated 3 days after treating mice with the lowest dose of Ad-ABCA1 (5.0 ϫ 10 8 pfu), there was a significant increase in non-HDL cholesterol in these mice by Day 7 compared with either vehicle or Ad-AP-treated controls (Fig. 5, P Ͻ 0.002) . These results again suggest that even at relatively low expression levels, inappropriate regulation of ABCA1 can lead to changes in plasma lipids other than HDL cholesterol.
DISCUSSION
The discovery of ABCA1 as a critical protein in the generation of HDL led to the hypothesis that an increase in ABCA1 will elevate plasma HDL cholesterol levels and decrease atherosclerosis (1, 9, 14) . This hypothesis has been confirmed in the BAC transgenic animal model, where human ABCA1 is expressed from its endogenous regulatory signals on a bacterial artificial chromosome. In these mice, ABCA1 overexpression in chow-fed animals is increased 1.6-fold over endogenous ABCA1, which results in a 65% increase in plasma HDL cholesterol (19) . When crossed onto the apoE-knockout model of atherosclerosis, appropriately regulated ABCA1 was found to be dramatically protective against the formation of atherosclerotic plaques (20) . In contrast, an ABCA1 cDNA transgenic model showed mixed results with respect to protection from atherosclerosis. In the ABCA1 cDNA transgenic mice, exogenous ABCA1 expression is driven by the apoE promoter that directs ABCA1 overexpression to the liver and macrophages (27) . Two lines of mice were generated, with ‫03ف‬ or 40 copies of the human ABCA1 transgene, which results in a similar 2-fold elevation of plasma HDL cholesterol on a chow diet (27) . When these mice were fed a high-fat diet, increased ABCA1 was found to strengthen the atheroprotective lipid profile and reduce atherosclerosis (28) . However, increased atherosclerosis was observed when these mice were crossed onto an apoEdeficient background (28) . These different results underscore the importance of investigating relationships among ABCA1 regulation, abundance, and expression in selected tissues to plasma HDL cholesterol levels and protection from atherosclerosis in vivo.
To specifically address how hepatic ABCA1 expression contributes to plasma lipids, we used an Ad to selectively overexpress human ABCA1 in the liver and determined the dose-dependent effect of exogenous ABCA1 expression on plasma lipid and lipoprotein profiles. The adenoviral construct used in this study was first validated in vitro by demonstrating efficient apoA-I-dependent cholesterol and PL efflux in both HeLa and HepG2 cells.
In vivo adenoviral delivery of ABCA1 resulted in an in- , and PBS-treated mice were determined by Western blot analysis from gels from at least three animals per group. All of the mice were maintained on a regular chow diet. ABCA1 levels were quantitated by densitometry and normalized to GAPDH levels in the same lane to control for equal protein loading. The 1.6-fold increase in ABCA1 expression in the BAC transgenic mice was determined relative to wild-type control mice, in which ABCA1 levels were set to 1.0. Similarly, the 1.2-fold and 2.6-fold increases in ABCA1 expression in the Ad-ABCA1-treated mice were determined relative to PBS-treated control mice in which ABCA1 levels were set to 1.0. Bars represent the mean and standard deviations of measurements from at least three mice.
at PENN STATE UNIVERSITY, on February 23, 2013 www.jlr.org Downloaded from crease in plasma HDL cholesterol levels as expected, demonstrating that hepatic ABCA1 can participate in HDL cholesterol homeostasis. However, at comparable expression levels, HDL cholesterol was increased by 14-27% in Ad-ABCA1-treated mice compared with a 65% increase in BAC transgenic animals, suggesting that transgenic expression of exogenous ABCA1 from the BAC is more effective in raising plasma HDL cholesterol levels than delivering exogenous ABCA1 with an Ad. In addition, we also observed a striking effect of exogenous ABCA1 on the entire lipid profile, which was most pronounced at high doses of Ad-ABCA1 treatment that resulted in a 8.3-fold overexpression of hepatic ABCA1. For example, the levels of TC, TGs, PLs, non-HDL cholesterol, and apoB were all increased in Ad-ABCA1-treated mice in a dose-dependent manner, and the magnitude of these changes often exceeded that of the increase in HDL cholesterol levels. Interestingly, a similar dose-dependent increase in apoB and non-HDL cholesterol levels was also observed in chow-fed apoE-ABCA1 cDNA transgenic mice, although these increases did not reach significance and it is not possible to distinguish whether these effects are due to nonphysiologic regulation of ABCA1 or high-level ABCA1 expression driven by the apoE promoter (27) . Nevertheless, these observations suggest that hepatic ABCA1 can greatly influence overall plasma lipids. One interpretation of these findings is that the abundance of hepatic ABCA1 protein expression critically affects lipid homeostasis. We observed no impact on non-HDL cholesterol levels in either the BAC transgenic mice or in mice treated with the lowest dose of Ad-ABCA1, which resulted in relatively modest levels of ABCA1 over- Relative plasma lipid changes in BAC compared with Ad-ABCA1-treated mice. The percent change in total cholesterol, triglycerides, HDL cholesterol, and non-HDL cholesterol levels were compared among chow-fed BAC transgenic mice, Ad-ABCA1-treated mice, and Ad-AP treated mice. Plasma lipids in BAC transgenic mice were determined relative to nontransgenic controls and expressed as percent change from the baseline observed in the wild-type control animals. Plasma lipids in Ad-ABCA1-or Ad-AP-treated mice were determined relative to those observed mice injected with PBS only and expressed as percent change from the baseline in PBS-treated mice. Viral dose in pfu/mouse is given below the bars, and the fold overexpression of ABCA1 is given above the bars. Data represent the relative means and standard deviations from at least three mice per group.
at PENN STATE UNIVERSITY, on February 23, 2013 www.jlr.org Downloaded from expression in the liver (1.6-fold and 1.2-fold, respectively). However, increasing the Ad-ABCA1 dose resulted in a clear and dose-dependent increase in non-HDL cholesterol levels. This observation suggests that, although a modest increase in hepatic ABCA1 may preferentially increase HDL cholesterol, excessive ABCA1 may perturb overall lipid homeostasis, perhaps by permitting the transfer of excess free cholesterol to lipoproteins of different subclasses. This effect may only be observed when ABCA1 is highly overexpressed in the absence of appropriate physiological regulatory signals.
A second interpretation is that appropriate regulation of ABCA1 may be critical for selectively increasing HDL cholesterol. In this interpretation, lipid homeostasis is regulated through exquisite control of multiple hepatic genes, including ABCA1. Because the Ad-ABCA1 vector used in this study contained only the full-length human ABCA1 cDNA, it is likely that this construct lacked elements that ultimately regulate the appropriate targeting of ABCA1 to the basolateral membrane (29, 30) or to direct efficient posttranslational modification of ABCA1 (24) . Appropriate subcellular localization and/or modification of ABCA1 may play important roles in appropriate lipidation of apoA-I.
It is also possible that coordinated ABCA1 expression in multiple tissues may be required to observe a selective increase in plasma HDL cholesterol levels. In the BAC transgenic mice, the presence of endogenous regulatory signals ensures that transgenic ABCA1 is overexpressed in all tissues where it is normally expressed, therefore resulting in a coordinated overexpression of ABCA1 throughout the body. It is possible that the combined effects of hepatic and extrahepatic ABCA1 contribute to the efficient increase in HDL cholesterol levels in the BAC transgenic mice compared with Ad-ABCA1-treated mice at comparable expression levels. Because macrophage-specific ABCA1 has been shown to contribute minimally to plasma HDL cholesterol levels in vivo (18) , it is possible that other extrahepatic tissues such as the intestine may impact HDL cholesterol homeostasis in vivo through ABCA1 activity.
While this manuscript was in preparation, Basso et al. reported their findings on adenoviral delivery of ABCA1 to mice (31) ( Table 3) . Although both groups used the same mouse strain (C57Bl/6), the constructs were different. Basso et al. used a murine ABCA1 cDNA fused to GFP, whereas we used an unmodified human ABCA1 cDNA. The dose used by Basso et al. (1-5 ϫ 10 8 pfu/ mouse), which resulted in an increase in ABCA1 protein by 1.6-to 1.7-fold within 24 h (31), is most comparable to the lowest dose used in our study (5 ϫ 10 8 pfu/mouse), which resulted in a 1.2-fold increase in ABCA1 protein by 3 days.
Basso et al. observed maximal changes in plasma lipids 2 days after treatment, with the major effects being a 2-to 3-fold increase in HDL cholesterol, TC, PL, FC, and CE levels, and a significant increase in ␣-HDL particles (31) . In their study, there was little apparent effect on non-HDL cholesterol levels, in contrast to their previous observations in the apoE-ABCA1 cDNA transgenic mice (27, 31) . Additionally, Basso et al. observed significant increases in HMG-CoA reductase, LDL receptor, and LDL receptorrelated protein expression levels that were detectable in as little as 6 h after Ad-ABCA1-GFP treatment (31). We detected maximal changes in plasma lipids at Day 3 after treatment, suggesting that the changes in plasma lipid levels appeared to follow similar dynamics in the two studies. Importantly, comparison of the relative changes in plasma lipids in the BAC transgenic mice and Ad-ABCA1-treated mice at roughly comparable expression levels showed that HDL cholesterol levels were selectively increased more efficiently in the BAC transgenic model. This observation suggests that regulation of ABCA1, in the liver and in other tissues, may be critical for effectively raising HDL cholesterol levels. ABCA1 may also function coordinately with other genes help to maintain specificity to HDL. In the Ad-ABCA1-treated mice, increased ABCA1 expression is uncoupled from other hepatic genes, as well as other tissues that may also contribute to regulating HDL cholesterol levels.
Endogenous ABCA1 is under exquisite regulation at transcriptional and posttranslational levels, and appropriate levels in multiple tissues, subcellular location within cells of particular tissues, and interaction with other cellular proteins are likely to be critical parameters for the ability of ABCA1 to selectively increase HDL cholesterol levels. Furthermore, ABCA1 activity in multiple tissues may also affect HDL cholesterol homeostasis in vivo. Our results suggest that therapeutic approaches based on increasing ABCA1 expression will likely have the greatest beneficial effect if they target endogenous pathways that maintain appropriate regulation of ABCA1.
